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ABSTRACT
Mafic Alkaline Magmatism in the East Tintic Mountains, West-Central Utah:
Implications for a Late Oligocene Transition from Subduction to Extension
Tara Allen
Department of Geology, BYU
Master of Science
Voluminous Eocene to Oligocene intermediate to silicic volcanic rocks related to
subduction erupted throughout the Great Basin and were supplanted by bimodal eruptions of
basalt and rhyolite related to extension in the Miocene. Locally, in the northern East Tintic
Mountains of central Utah, this important transition is marked by a distinctive package of mafic
alkaline magmas that reveal important details about the nature of this fundamental change. A late
Oligocene anorthoclase-bearing shoshonite lava in the Boulter Peak quadrangle contains
megacrysts of anorthoclase, with phenocrysts of olivine, clinopyroxene, magnesiohastingsite,
magnetite, and apatite. The anorthoclase grains occur as glomerocrysts with irregular, resorbed
edges, indicating they are not in equilibrium with the mafic phenocrysts in the shoshonite. They
are interpreted to be xenocrysts incorporated into an ascending mafic magma that came into
contact with a partially crystallized syenite. The mafic magma involved was probably derived by
partial melting of the lithospheric mantle based on its high Mg/Fe ratios, magnesian phenocrysts,
high water content, and high ratios of lithophile to high field strength elements. The syenite body
likely crystallized from a highly differentiated melt. The 40Ar/39Ar age of the shoshonite is
25.35±0.04 Ma, and appears to represent the transition from subduction before the onset of
extension (Christiansen et al., 2007).
Other Oligocene mafic units in the area may represent different variations of the mafic
alkaline endmember for the mixing process. The Gardison Ridge dike, a potassic alkaline basalt
with an 40Ar/39Ar age of 26.3±0.3 Ma, contains olivine and clinopyroxene phenocrysts that are
compositionally very similar to those found in the shoshonite. Other mafic dikes have even
higher alkalis. All of these dikes have similar trace element patterns, with negative Nb and
positive Pb anomalies, and high Ba and K concentrations. The minette of Black Rock Canyon
(28.45±0.13 Ma) also contains high alkalis, particularly K, and its trace element pattern shows
positive Ba and negative Nb anomalies. The clinopyroxene phenocrysts in the minette are also
very similar to those found in the other alkaline rocks. The high water contents of these units are
evidenced by amphibole in the shoshonite, phlogopite in the minette, and the lack of plagioclase
phenocrysts in the basaltic dikes.
The ages, mineral assemblages, and chemical compositions show that these late
Oligocene alkaline magmas formed after a shallowly subducting oceanic slab peeled away from
the overlying continental lithosphere and rolled back. Hot asthenosphere flowed in to replace the
subducting plate and caused partial melting of the variably metasomatized lithospheric mantle.
These alkaline magmas include the shoshonite, mafic alkaline dikes, and minette of Boulter
Peak; they mark the transition from older subduction-related magmatism to Miocene magmatism
caused by lithospheric extension.
Keywords: anorthoclase, Boulter Peak, East Tintic Mountains, alkali basalt, syenite
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Introduction
Convergent margin tectonics shape continental regions by affecting both structural
features and magmatic processes. Convergent tectonics are responsible for major orogenic events
and large-scale structural deformation of bedrock. However, the angle of the subducting slab
commonly varies. In the case of shallow-angle subduction, the underlying slab may lie directly
under the overriding lithosphere with no intervening asthenosphere (English et al., 2003). In this
situation, subduction-related magmas are generated only when the shallow slab begins to peel
back from the overlying lithosphere (English et al., 2003). Lithospheric extension and
fundamentally different types of magmatism commonly follow slab roll back. Extensional
magmas are typically characterized by an asthenospheric signature and by bimodal (basaltrhyolite) compositions (Christiansen and Lipman, 1972). The transition from a convergent to a
divergent margin may be deduced by careful study of magmatic rocks that are emplaced during
this time. The magmatic rocks that accompany this transition are commonly highly alkaline
shoshonites, lamprophyres, and alkali basalts (Atherton and Ghani, 2002).
The Basin and Range region of North America is a good place to study and better
understand these complex processes. Decades of research on this area have begun to shed light
on what happened during the transition from a convergent margin to an extensional region
(Christiansen and Lipman, 1972). This transition is particularly evident in the area west of Utah
Lake in central Utah (Figure 1). Here, the transitional period is during the Eocene, Oligocene,
and into the Miocene when subduction-related magmatism gave way to that related to rifting
(Humphreys et al., 2003). An older suite of intermediate to silicic ash flows and stratovolcanoes
represent subduction-related volcanism and younger basalts that were erupted in the Miocene are
contemporaneous with extension, However, there are some volcanic
1

Figure 1. Cenozoic volcanism occurred extensively across the Basin and Range. The mafic rocks found in the
Boulter Peak area are alkaline and represent the transition from the end of subduction to the onset of extension
(Christiansen et al., 2007).
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units whose ages and compositions do not fit easily into these endmember categories and give
important information regarding the transition. These rocks include megacryst-bearing alkaline
intermediate to mafic lava flows, dikes of alkaline basalt, and small minette intrusions.
In this paper, we describe the ages and geochemical characteristics of alkaline rocks
found in the Boulter Peak and Allens Ranch quadrangles of Central Utah. Important questions
that we try to answer are: What are the implications of anorthoclase megacrysts in a shonshonite
lava? Are the minettes, shoshonites, and alkaline basalts the products of slab dehydration and
subduction zone activity? Or are they the result of lithospheric extension and melting of the
asthenosphere? What role did the lithospheric mantle play in the origin of these magmas?

Methods of Study
To answer these questions, we have conducted a comprehensive field and laboratory
investigation of the igneous rocks in the Boulter Peak area in the northern East Tintic Mountains.
Field Methods
The volcanic units of the Boulter Peak quadrangle were mapped following the standards
of the Utah Geological Survey (UGS). Modern concepts of volcanic facies analysis were used to
deduce the emplacement of the igneous rocks. The map was compiled using digital orthophotos
and global positioning system (GPS) measurements. Data gathered in the field or from
stereophotos were digitized using ArcGIS mapping tools (Appendix 1). This was used to update
and revise the 1:24,000 scale map of Boulter Peak by Disbrow (1961) in conjunction with work
on a 1:100,000 scale map being compiled by the UGS. A 1:5,000 scale map of the major area of
volcanic units in Broad Canyon shows the details of the relationships between the various units
(Figure 2). A cross-section through the main outcrop of volcanic units in Broad Canyon shows
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Figure 2. Geologic map of the Broad Canyon region showing the distribution of the Oligocene volcanic rocks and
locations of samples studied. Unmapped areas are Paleozoic rocks
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the principal stratigraphic and structural features. The map also includes detailed unit
descriptions for each magmatic unit (Appendix 1).
Sampling and Petrographic Analysis
Samples from each magmatic unit were collected for laboratory analysis, with particular
emphasis given to mafic rocks (shoshonite, basalt, and minette). To study these samples, thin
sections were made to allow for petrographic study, both optically and with energy dispersive
spectrometry on an electron microprobe. These techniques allowed us to determine mineral
assemblages, assess the state of equilibrium among the phases, and look for zoning or resorption
textures.
Electron microprobe analysis was used to determine the compositions of major and minor
mineral phases within the mafic units. Of particular interest are the feldspars, including
anorthoclase, sanidine, and plagioclase, as well as clinopyroxene and olivine. Where present,
biotite and amphibole were also analyzed, although aside from biotite in the minette, most
hydrous minerals have been nearly or completely replaced by oxides (commonly a titaniferous
magnetite). Minor mineral phases that were analyzed include Fe-Ti oxides and apatite. Traverses
were conducted on selected grains of anorthoclase in the shoshonite and clinopyroxene in the
basaltic dike. The microprobe used was a Cameca SX-50 at Brigham Young University.
Acceleration voltage, beam current, beam size, and standards used were varied depending on the
mineral analyzed, and can be found in the appendix (Appendix 2).
Whole Rock Geochemistry
Samples of the units were first coarsely crushed using a small sledge. Fresh pieces were
separated and then powdered using a tungsten-carbide shatter box. The powder was dried in a
100° C oven for at least twelve hours to drive off any water that may have been absorbed. Loss
5

on ignition at 1000°C for at least 4 hours was recorded for each powder. Glass discs were made
using a lithium metaborate flux, CsI, and LiNO3. The powder mixture was melted, then poured
into a platinum mold and rapidly cooled. Pressed powder pellets were compressed under 20 tons
of pressure. Both the fused discs and the pressed powder pellets were used for x-ray fluorescence
spectrometry to determine major and trace element compositions. The glass disks were analyzed
by X-ray spectrometry for major elements on a Siemens SRS 303 and the pellets were analyzed
primarily for trace elements on a Rigaku Primus l XRF spectrometer. Trace element
concentrations are considered accurate to ±10%, and major elements are considered accurate to
±2%. All XRF analyses were done at Brigham Young University.
Whole rocks were also analyzed by laser ablation inductively coupled plasma mass
spectroscopy (LA-ICP-MS) for trace element (including REE) compositions using an Agilent
7500ce quadrupole mass-spectrometer with an octopole reaction system and a Photon Machines
Analyte193 excimer laser with a helix cell. ICP-MS analysis was conducted at the University of
Utah by laser ablation on the glass discs that had already been prepared and used for XRF
analysis. The glass disks were cut down to 1-inch widths and analyzed by ablating lines across
each sample and using the NIST-612 standard. Raw data was reduced using the Iolite program
run on Igor Pro (WaveMetrics). The data collected from this method were less precise than XRF
results and were therefore not used in the interpretation of compositions.
40

Ar/39Ar Dating
Radiometric ages were determined for each unit using 40Ar/39Ar techniques (Appendix 3).

Biotite (minette), anorthoclase (shoshonite), and matrix chips (basalt dike) were used. Irradiation
and mass spectrometry were completed by collaborators at the New Mexico Geochronology
Center (Table 1).
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Geology of the Northern East Tintic Mountains
The Oligocene mafic alkaline rocks studied are found in the Boulter Peak area of the
northern region of the East Tintic Mountains of central Utah (Figure 1). The range is bounded by
north-trending normal faults and dominated by Paleozoic carbonate and siliciclastic rocks,
Cenozoic igneous rocks, and Quaternary alluvial and pluvial sediment (Morris and Lovering,
1961).
About half of the Boulter Peak quadrangle consists of Paleozoic rocks, most of which are
marine carbonate rocks, but also include shallow marine quartzites and shales (Disbrow, 1961;
Appendix 1). This 3 km thick succession of sedimentary rocks probably rests on a
Neoproterozoic basement of gneiss, amphibolite and granite (Nelson et al., 2002). The
sedimentary section has been deformed by the Sevier orogeny of late Cretaceous to early
Cenzoic age. During the Eocene and Oligocene, this region was dominated by subduction-related
volcanism as a shallowly subducting slab began to roll back, generating magma and a brief
magmatic flare-up (English et al., 2003). Large stratovolcanoes formed, currently manifested in
outcrop by eroded lava flows, stocks, dikes, and aprons of volcaniclastic rocks (McKean et al.,
2011). Numerous tuffs and calderas also mark this time, with lava and ash flows ranging in
composition from intermediate to highly silicic (e.g., Morris and Lovering, 1961; 1979). After
this episode of subduction-related volcanism, Basin and Range extension began approximately
20-15 Ma, yielding a bimodal suite of volcanic rocks (e.g., Christiansen and Lipman, 1972;
Christiansen et al., 2007).
The most voluminous magmatism in the East Tintic Mountains is represented by the
subduction-related intermediate to silicic lavas and ignimbrites of late Eocene to early Oligocene
age. These silica-saturated rocks have deep Nb anomalies, high Ba/Nb and Pb/Ce ratios, high
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oxidation states, and other features showing their volcanic arc heritage. Miocene eruptions of the
Mosida Basalt, a basaltic lava found about 10 km away in nearby quadrangles including Allens
Ranch and Soliders Pass, are interpreted to have formed during Basin and Range rifting. The
19.5 Ma basalt nearly lacks a Nb-anomaly, is slightly silica-undersaturated, and evolved at low
oxygen fugacities (Christiansen et al., 2007). In the Boulter Peak area, the transition between
these two contrasting types of magmatism is marked by the emplacement of markedly alkaline
mafic rocks, including alkaline basalt, shoshonite, and minette. These transitional rocks are the
focus of this paper.
Alkaline rocks of middle Cenozoic age are found in several other places in Utah. For
example, the Bingham Mining District, which lies about 80 km north, also exhibits similar
magmas and similar ages as those found in the East Tintic region. Maughan et al. (2002) reported
olivine latite, shoshonite, and mica-bearing melanephelinite of Eocene age in addition to arc-like
calc-alkaline andesites, dacites, and rhyolites. Some of the intermediate-composition lavas and
mineralized intrusive rocks in the Bingham area also have compositions and textures showing
that they formed by mixing of calc-alkaline magmas with mafic alkaline magmas (Maughan et
al., 2002). Minettes, 24 to 8 Ma in age, are also found on the Wasatch and Colorado Plateaus to
the east (Tingey et al., 1991).

Volcanic Stratigraphy
Two distinctive regional ignimbrites in this area can be identified across broad areas
throughout the East Tintic district: the tuff of Rattlesnake Pass, a member of the Packard Quartz
Latite, and the Chimney Rock Pass Tuff (McKean, 2010). An older tuff called the tuff of Hot
Stuff Mine has not been found outside of the Boulter Peak area. These tuffs are all rhyolites and
were previously correlated with the Laguna Springs Volcanic Group (Disbrow, 1961), but their
8

mineralogy, elemental compositions, and ages show that they are not members of this group.
Another ignimbrite lies on top of these, the tuff of Twelve-Mile Pass. It is a latite and is included
here as a member of the Laguna Springs Volcanic Group.
Overlying these ignimbrites are three distinctive mafic units that have not been found
outside of the Boulter Peak area. Although the region contains other mafic lava flows, most
commonly the Miocene Mosida Basalt (Christiansen et al., 2007), the flows and dikes found in
the Boulter Peak area are compositionally different than the Mosida Basalt. One of the mafic
flows, a distinctive megacryst-bearing shoshonite lava, is a less voluminous and seemingly
localized unit that caps the other units. The mafic lavas in Broad Canyon were correlated with
the Laguna Springs Volcanic Group by Disbrow (1961), but their unusual mineralogy,
composition, and young age proves otherwise. In Broad Canyon, the volcanic units are
horizontally deposited and in direct contact with each other. This indicates a paleovalley that was
filled by the repeated magmatic activity in the region, and is now expressed as an inverted valley.
Because the rocks are essentially horizontal, they must have been deposited after the deformation
from the Sevier orogeny. Additionally, although new valleys have been cut around the flows, the
shoshonite unit outcrops across these modern valleys at the same elevation, showing the
paleovalley fill has not been affected by extension either. Basalt dikes possibly associated with
the shoshonite are exposed on top of a few ridges, and a minette sill extends from Black Rock
Canyon to Mill Canyon in the western part of the area (Figure 3).
The East Tintic region does contain flows of the Mosida Basalt, a Miocene basalt
associated with rifting (McKean, 2010). The Mosida Basalt contains phenocrysts of olivine,
clinopyroxene, and plagioclase, an assemblage not found in any mafic lavas or dikes near
Boulter Peak (Christiansen et al., 2007). The Mosida Basalt lacks a Nb
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Figure 3. The minette of Black Rock Canyon (Tbr) is a sill that extends N-S across a number of ridges. It outcrops
on the top of the ridges, and becomes lost or buried in valleys.
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anomaly, unlike the basaltic dikes in this study which have a strong negative Nb anomaly and
high alkalis. This further confirms that they are not related and originated from different tectonic
settings.
Tuff of Hot Stuff Mine
This ignimbrite is the oldest volcanic rock found in the Boulter Peak area and lies below
the tuff of Rattlesnake Pass. Phenocrysts include quartz, two feldspars, and biotite. Although it
has the same mineral assemblage as the younger tuff of Rattlesnake Pass, it is less densely
welded, has smaller phenocrysts, and quartz is less abundant. It is white to light tan in color,
friable, and is capped locally by a red, silicified, opalescent deposit. These red lenses are
probably hot springs deposits. Native sulfur colors some horizons. Based on its phenocryst
assemblage, the tuff of Hot Stuff Mine is a rhyolite. We include this local tuff as a member in the
Packard Quartz Latite.
Tuff of Rattlesnake Pass
This rhyolite ignimbrite has 30-40% phenocrysts of bi-pyramidal quartz, plagioclase,
alkali feldspar, biotite, and hornblende in a variably consolidated matrix of ash. The color varies
depending on degree of welding, but is generally white to tan. It is distinctive from other tuffs in
the area by its bi-pyramidal quartz. Pumice fragments and a few lithic inclusions comprise about
0-10% of the rock. It has 73-77 wt% SiO2 with lower alkalis than the younger Chimney Rock
Pass Tuff (Figure 4). On normalized trace element diagrams, it has a strong positive Pb anomaly
and negative Ti and Nb anomalies (Figure 5). Based on its mineralogy and stratigraphic position,
we correlate this tuff with the tuff of Rattlesnake Pass mapped by McKean (2010) in the adjacent
quadrangle. The tuff of Rattlesnake Pass has an 40Ar/39Ar age of 35.08±0.03 Ma (McKean,
2010). Disbrow (1961) also mapped this unit as a member of the Packard Quartz Latite.
11
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Packard Quartz Latite: Rhyolite lava member
The northern margin of a large area of lava flows and related flow breccia called the
Packard Quartz Latite (Morris, H.T. and Lovering, T.S., 1979) lies in the Boulter Peak
quadrangle. However, in this study, this unit is called the rhyolite lava member of the Packard
Quartz Latite to distinguish it from the older tuff of Rattlesnake Pass and tuff of Hot Stuff Mine.
This is the dominant member of the Packard found in the East Tintic Mountains. The lavas have
about 30% phenocrysts of bipyramidal quartz, sanidine, plagioclase, and biotite, with trace
amounts of oxides, apatite, and zircon. The lava is strongly flow-foliated and locally consists of
vitrophyre. The lava is locally underlain by flow breccia with large blocks of black vitrophyre
and poorly welded tuff breccia, with vitrophyre blocks probably formed during the initial
eruption of the lava. Chemically, the Packard Quartz Latite lavas and related tuffs have lower
SiO2 concentrations than the tuff of Rattlesnake Pass member (Figure 4) and are distinctively
enriched in light REE and Ba (Moore et al., 2007), with concentrations of Ba higher than 2000
ppm. The lavas also have higher Ti, Al, Fe, Zn, Sr, and Zr, and lower concentrations of Rb. A
new 40Ar/39Ar age acquired by laser fusion of sanidine is 35.27± 0.03 Ma, making these flows
about 200,000 years younger than the tuff of Rattlesnake Pass.
Chimney Rock Pass Tuff
The Chimney Rock Pass Tuff, a member of the Soldiers Pass Formation, crops out only
in small areas of the Boulter Peak quadrangle. It is a white to light tan, moderately welded
rhyolite ash-flow tuff with 25-30% phenocrysts of plagioclase, sanidine, quartz, biotite, and
hornblende in an ashy matrix. It contains abundant pumice fragments and lithic inclusions,
including limestone and older volcanic rocks. It is distinguished from the tuff of Rattlesnake Pass
by the abundance and size of pumice lapilli, the smaller phenocryst size, and the lack of obvious
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bi-pyramidal quartz. The tuff is a rhyolite with high K and low Fe and Ti (Figure 4). The
negative Nb and positive Pb anomalies of this unit support a subduction related tectonic setting
(Figure 5). The Chimney Rock Pass Tuff is 34.7±0.07 Ma (Christiansen et al., 2007).
Tuff of Twelve-Mile Pass
The tuff of Twelve-Mile Pass is an intermediate-composition ash-flow tuff with 30-40%
phenocrysts of plagioclase, amphibole, pyroxene, and oxides. The color of the matrix varies
widely depending on degree of welding and compaction. In Broad Canyon, it is deep purple-red
with bright green clinopyroxene phenocrysts. Just a few kilometers north in Twelve-Mile Pass, it
is light to dark grey with more varied phenocrysts more apparently visible. Chemically, the tuff
of Twelve-Mile Pass is dacitic (Figure 4), showing a calc-alkalic trend, and is 34.62±0.16 Ma
(McKean, 2010). It shows the same negative Nb anomaly and positive Pb anomaly as the older
rhyolitic tuffs, indicating it is subduction related as well (Figure 5).
Based on its chemical composition, dense welding, mineral assemblage, and especially
stratigraphic position, the tuff of Twelve-Mile Pass is included here as a member of the Laguna
Springs Volcanic Group.
Minette of Black Rock Canyon
A poorly outcropping minette intrusion trends north-south across three ridges on the
western side of the quadrangle (Figure 3). It crops out as yellow to dark brown “soil” with rare,
loosely consolidated rock. It has an 40Ar/39Ar age of 28.45±0.13 Ma (Table 1).
The minette is dominated by phenocrysts of brassy brown, euhedral phlogopite (Figure
7d). Phlogopite crystals are about 5 mm across and exhibit reverse pleochroism, with grains
showing the most intense absorption when polarization is parallel to the c-axis (Richardson,
1975). Some show strain, apparent by the S-shaped cleavage traces. Phlogopite is Ti-rich with
15

4.5-5.5 wt% TiO2 and about 19 wt% MgO. Other phenocrysts include clinopyroxene, apatite,
and magnetite. Clinopyroxene is heavily fractured, but still relatively unaltered. Apatite grains
occur as euhedral phenocrysts. Calcite occurs as a secondary mineral in veins and fractures
throughout the rock. The groundmass is comprised of alkali feldspar, oxides, clay, and mica. The
minette is compositionally a shoshonite, but unlike the lava, it has much higher K2O than Na2O
(Figure 4). Aside from the significantly higher positive K anomaly, trace element patterns for the
minette mimic those of the other mafic units, with positive Ba and Pb anomalies and negative Nb
and Ti anomalies (Figure 6). The minette shows the most dramatic negative Nb anomaly.
Gardison Ridge dike
This dike outcrops on Gardison Ridge, just east of the border between the Allens Ranch
and Boulter Peak quadrangles (Appendix 1). It outcrops over approximately 15 m2 and trends
approximately NE-SW.
The Gardison Ridge dike is grey to black, dense aphanitic basalt with phenocrysts of light
green diopside, some of which are zoned (Figure 7c), altered olivine, and small Fe-Ti oxides,
mostly magnetite. It lacks any feldspar phenocrysts, although the groundmass includes alkali
feldspar. Phenocrysts of well-formed euhedral apatite also occur. Non-magmatic secondary
zeolite, possibly analcime, grew in vesicles and along fractures. Its 40Ar/39Ar age is 26.3±0.3 Ma
based on analysis of its fine-grained matrix (Table 1).
The Gardison Ridge dike is compositionally a basalt and is the least alkaline of all mafic
rocks analyzed, but it is nonetheless alkaline in the sense that it plots above the discriminant line
of Macdonald (1964) and it has normative nepheline (Figure 4). It has particularly low K, and
this distinguishes the dike from the other, more alkaline dikes also found in the region (Figure 6).
This dike is also less alkaline than the Miocene Mosida Basalt and is not a feeder for these flows.
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Figure 6. Mafic units analyzed for this study all show very similar trace element patterns, particularly with high Ba
and Pb and low Ti. All samples also have a high Ba/Rb ratio. Most samples also show high K.
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Figure 7. Representative images of phenocrysts found in the shoshonite of Broad Canyon (a., b.), the Gardison
Ridge dike (c.,) and the minette of Black Rock Canyon (d.). Images (a.) and (d.) are taken in plane-polarized light,
while the images (b.) and (c.) are taken in cross-polarized light. (a) Amphibole grains are large and euhedral, but are
mostly replaced with Fe-Ti oxides and other minerals. The grain maintains the crystal shape of an amphibole, but
most of the grain has been altered. The center is still the original amphibole, however, and indicates that amphibole
grains were originally magnesiohastingsite with relatively high Ti. (b) Megacrysts of anorthoclase occur most
typically as aggregates of two or more grains with resorbed, anhedral edges. The distinctive tartan twinning is
evident in one of the three grains that are aggregated here. Individual phenocrysts also exhist in shoshonite samples,
but are generally smaller in size and maintain the anhedral, resorbed edges that are seen here. (c) Clinopyroxene
compositions are essentially the same throughout all mafic samples in the Boulter Peak area. However, only
clinopyroxenes found in the dike show zoning patterns, with rims being enriched in Ti. In the dike, clinopyroxene
occurs as isolated phenocrysts, in glomerocrysts of multiple subhedral to euhedral grians, and as growth rims around
foreign quartz grains. All occurrences are compositionally identical and exhibit the same patterns when zoning is
present. (d) Phlogopite grains are only found in the minette and are typically large, euhedral brassy red to brown
grains.
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The clinopyroxene composition also distinguishes this dike from other mafic units. Although
very similar, pyroxene has higher Al2O3 than other units. The Mg and Fe content are nearly
identical to pyroxene in the shoshonite and minette. Olivine grains were too altered to achieve
accurate compositions from microprobe analysis. Chromian spinel was found in an altered
olivine phenocryst in the Gardison Ridge dike.
Table 1. 40Ar/39Ar ages of mafic rocks from the Boulter Peak area, northern Tintic Mountains, Utah.
Shoshonite of Broad
Formation
Gardison Ridge dike
Minette of Black Rock Canyon
Canyon
Sample
Boult Pk-1509
Boult Pk-409
Boult Pk-209
Number

Packard Quartz Latite

Map Unit

Tbc

Tbp

Tbr

Tr

Material

Anorthoclase

Groundmass

Phlogopite

Sanidine

Method

Laser fusion single crystals

Step heating isochron
age

Laser fusion step heating

Laser fusion single crystals

Steps

24

3

15

14

Age (Ma)

25.36

26.3

28.45

35.27

2σ

0.03

0.3

0.13

0.03

MSWD

1.69

0.64

9.48

1.32

Boult Pk-309

Notes:
MSWD = mean weighted standard deviation
2σ = error of the mean, incorporates uncertainty in J factors and irradiation correction uncertainties

Other Boulter Peak dikes
A few other dikes crop out in the Boulter Peak quadrangle that are chemically distinct
from the Gardison Ridge dike. These dikes are very dense, black aphanitic basalt with very small
phenocrysts of plagioclase, clinopyroxene, and olivine. Their deep black color and glassy
feldspar phenocrysts visible on fresh surfaces give them a slightly different appearance than the
Gardison Ridge dike. These dikes have higher SiO2 and lower MgO than the Gardison Ridge
dike. Both the Gardison Ridge and Boulter Peak dikes are silica undersaturated. Trace element
patterns are similar, as both show negative Nb anomalies and high Ba, but the alkalis are higher
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in the Boulter Peak dike, especially K (Figure 6). As a result, the Boulter Peak dike is a
trachybasalt, unlike the Gardison Ridge dike, which is a basalt.
The age of these dikes is uncertain, but is most likely Oligocene like other dikes found in
the vicinity.
Shoshonite of Broad Canyon
The shoshonite is a grey, purple, red, or black porphyritic lava flow found
stratigraphically above all of the tuffaceous units described above. It is variably vesicular, and
ranges from being moderately vesicular, with vesicles occupying about 20-30% of the volume, to
dense and completely lacking vesicles. Banding and mingling textures are visible in outcrop,
with pockets of differently textured rock encased in the flow. In addition, there are large, glassy
megacrysts of anorthoclase as large as 2-3 cm across. Titaniferous amphibole grains, most of
which have been completely replaced by oxides and other minerals, range from about 0.5-3 mm
in length. Other phenocrysts of clinopyroxene, olivine, magnetite, and apatite make up 15-20%
of the rock. The groundmass contains oxides, alkali feldspar, pyroxene, and very small amounts
of glass. In some samples, xenocrysts of quartz were incorporated into the magma. These quartz
grains are severely strained and surrounded by reaction rims of clinopyroxene, showing their
instability in the magma. They are most likely incorporated from country rock such as the
Cambrian Tintic Quartzite as dikes propagated to the surface. Vapor phase ilmenite grew in
some vesicles. The shoshonite of Broad Canyon is 25.35±0.04 Ma as measured on feldspar
grains in the lava (Table 1).
The composition of clinopyroxene in the Broad Canyon shoshonite is very similar to
those in the Gardison Ridge dike and the minette. Since this mineral survived best and persists in
all units, it serves as an effective compositional comparison and indication of crystallization
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conditions. Bulk rock geochemistry varies across the units, but variations in the shoshonite lava
from the basaltic dikes are likely the result of the incorporation of the anorthoclase megacrysts.
Comparing bulk rock geochemistry, trace element patterns are the same between the Boulter
Peak dikes, the minette, and the shoshonite, but the K content of the Gardison Ridge dike shows
wide variation. The Gardison Ridge dike also lacks evidence of hydrous minerals, whereas the
shoshonite of Broad Canyon contains amphibole and the minette contains abundant phlogopite.
Although mineral compositions were not analyzed in the Boulter Peak dikes, the alkaline nature
of the unit is similar to that found in the shoshonite of Broad Canyon (Figure 4).
All of the megacryst-sized feldspar crystals are essentially anorthoclase with
characteristic tartan twinning. The megacrysts are commonly multiple grain aggregates with
partially resorbed, broken, and anhedral crystal edges. The majority of the electron microprobe
analyses of these grains are anorthoclase in composition, but they range to oligoclase and
sanidine (Figure 8). Some smaller grains are also anorthoclase, but they are probably smaller
broken fragments of larger anorthoclase. Based on its texture and irregular distribution, all of the
sanidine appears to be secondary alteration of anorthoclase (Figure 7b). The anorthoclase varies
widely in composition within a single sample, but sample to sample differences are not apparent
(Figure 8). Within a give sample, BaO concentrations vary significantly, from below the
detection limit (~0.02 wt%) to as high as 2 wt% BaO. Most of the high BaO anorthoclase are
smaller grains or aggregates, and the larger grains typically have very low concentrations of BaO
(Figure 8). Isotherms calculated using SolvCalc (Wen and Nekvasil, 1994) indicate a
temperature range at which the feldspar crystallized (about 850°C), but does not provide a
pressure constraint. The groundmass includes fine grains of plagioclase ranging from oligoclase
and andesine in composition (Figure 8).
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Figure 8. Feldspar compositions from four different samples of the shoshonite of Broad Canyon. Red symbols
represent grains that are high in Ba. Megacryst-sized grains were spot-analyzed to Ba and found to contain little to
no Ba, so traverses did not analyze Ba. Most of the high Ba feldspars are compositionally sanidine, but a few (i.e.
508) high Ba feldspars are compositionally anorthoclase. The presence of both high and low Ba sanidine and low Ba
anorthoclase with a few high Ba anorthoclase in the same sample indicates that the feldspars, which are xenocrysts,
are either from a differentiated single source or from multiple sources. Using SolvCalc with Margules parameters
from Benisek et al. (2010), and calculated at 2 kb pressure and varying temperatures indicates T of crystallization is
around 850 °C. This is too low for a mafic magma but more reasonable for a trachyte. Solvus positions have little
pressure dependence.
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Olivine in most samples was extensively altered to serpentine. However, two samples
(BoultPk-1509 and BoultPk-1009) had fairly well preserved olivine phenocrysts with
compositions of Fo90-80 (Figure 9). Comparisons with olivine in tholeiitic basalts from the Snake
River Plain, Idaho that are related to the track of a hot spot show that olivine grains from these
alkaline rocks are very different in that they have higher Mg, slightly elevated Mn, and lower
concentrations of Ni and Ca (Figure 10).
Pyroxene grains are all light-green diopside that show distinctive blue-green to light pink
pleochroism. It occurs as individual euhedral phenocrysts as well as glomerocrysts of subhedral
grains and in reaction rims around xenocrystic quartz. The pyroxene has elevated Al2O3 (~7
wt%) and relatively low concentrations of Fe (about 0.25-0.35 Fe/Fe+Mg) (Figure 11). Some
phenocrysts show subtle to distinctive zoning. In zoned grains, rims have higher Ti, Al, and Fe,
and lower Mg than cores. The olivine and clinopyroxene appear to be in equilibrium based on
their similar Fe/Fe+Mg ratios of about 0.15-0.30 (Figure 9). There are a small number of grains
found as secondary growths in vesicles in the shoshonite that compositionally appear to be
orthopyroxene. Since they appear to be a secondary phase, the grains were not further analyzed.
The large amphibole phenocrysts have been almost completely replaced by Fe-Ti oxides,
andesine, and clinopyroxene (Figure 7a). The shapes show that these large tabular grains, up to 2
cm in length, were originally amphibole. Small remnants in one sample (BoultPk-1509) were
fresh enough to be analyzed using an electron microprobe and were found to be
magnesiohastingsite with high Mg compared to Fe (Figure 12). They also have elevated F and Ti
concentrations (2-3 apfu) but Ti enrichment is not sufficient to make them kaersutite (5 apfu Ti)
(Figure 13). Titaniferous magnetite is the most abundant replacement phase. Clinopyroxene
grains in these aggregates have the same composition as the diopside phenocrysts and appear to
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Figure 9. All clinopyroxenes in the shoshonite, the basalt dike, and the minette are diopsides or diopsidic augites.
Clinopyroxene is also the only major mineral phase that is ubiquitous in all three mafic units. They are all fairly
magnesian and calcic, with little variation within or between samples. A few phenocrysts exhibit slight oscillatory
zoning patterns, and most of the grains found in the Gardison Ridge dike are zoned. Rims are enriched in Ti, Al, and
Fe. Olivines also have high amounts of Mg compared to Fe. They are mostly altered, especially in the dike, but
remnant cores exist in shoshonite samples. There are no olivine or altered olivine grains in the minette. Mafic
minerals clinopyroxene and olivine from minette and melanephelenite in the nearby Bingham region (Maughan et
al., 2002) have compositions similar to those in the rocks from the Boulter Peak area.
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Calcic amphiboles (CaB ≥ 1.50; (Na + K)A > 0.50; Ti < 0.50)
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Figure 12. Compositions of amphiboles in the shoshonite of Broad Canyon. Most of the amphibole grains that
remain are altered, but the grains that persist are magnesiohastingsite. Classification fields from Leake, 1978.
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Figure 13. The amphibole grains found in the shoshonite are distinctive from other amphiboles found in other
middle Cenozoic volcanic rocks from the eastern Basin and Range (Christiansen, E.H., unpublished data) because of
their high Ti content. The most similar unit is a trachydacite tuff from the Solider’s Pass Formation, but those
amphiboles are hosted in rhyolitic glass.
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be in equilibrium with them. Apparently, the amphibole was replaced while the magma was still
crystallizing clinopyroxene. We interpret the textures to indicate that the amphibole decomposed
while melt was still present, perhaps during decompression and degassing during ascent of the
magma as described by Rutherford and coworkers (1993).
Oxide grains in the shoshonite are found as phenocrysts, groundmass microcrysts,
inclusions, and secondary minerals, commonly after amphibole as noted above. Most of the
oxides are magnetite or titanomagnetite. Most of the ilmenite grains grew in vesicles, and all
ilmenites are presumably secondary. Alteration and non-equilibrium assemblages precluded any
attempt to calculate temperatures or oxygen fugacities using the Fe-Ti oxides in our samples.
Apatite phenocrysts are euhedral and fairly large in size, about the same size as the
clinopyroxene grains found in the same unit. They contain large amounts of F with very little
water or Cl, making them nearly fluorapatite.

Discussion
Origin of the minette of Black Rock Canyon
The minette of Black Rock Canyon is silica undersaturated with normative olivine and
nepheline, and its trace element pattern shows that it is generally enriched in incompatible trace
elements, including Ba, Nb, the LREE, and P, but it also has large negative Rb and Nb
anomalies. The minette also contains high (>16 wt%) MgO, indicating that it is primitive and has
not experienced significant fractionation since leaving its source in the mantle. Since it is
phlogopite-bearing and only slightly enriched in Ni (110 ppm), it may have been produced by
small degrees of partial melting of metasomatized phlogopite-bearing mantle. Partial melting
may have consumed apatite but left phlogopite behind to create the high Ba/Rb ratio. (The
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partition coefficient for Rb in phlogopite is higher than for Ba). The minette of Black Rock
Canyon does not contain any unaltered olivine phenocrysts, but the clinopyroxene has
Mg/(Mg+Fe) ratios of 0.8-0.9, further supporting a nearly primitive character. In all of these
characteristics, it is similar to minette dikes of the Wasatch Plateau for which Tingey et al.
(1991) suggested a source in metasomatized lithospheric mantle based on trace element
concentrations, Sr-Nd isotope ratios, and major element composition.
The compositions of minerals in the minette are distinctly different than those in the
shoshonite and the basalt dikes, showing the minette was not an endmember in the mixing
process that formed the shoshonite. For example, clinopyroxene in all three types of mafic rocks
is highly calcic and magnesian diopside, but the diopside in the minette is generally higher in Ti
than either the dike or the shoshonite lava (Figure 11).
Origin of the basaltic dikes
The dikes are basaltic, although the Gardison Ridge dike is unique compared to the others
found in the region. While there is no age on most of the dikes, the Gardison Ridge dike is
26.3±0.3 Ma, which is older than the shoshonite but younger than the minette (Table 1). The lack
of plagioclase phenocrysts indicates that the alkali basalt crystallized under specific conditions
that would accommodate this mineral assemblage. Since feldspar typically crystallizes at lower
temperatures than mafic phenocrysts, such as olivine and clinopyroxene, if the melt crystallizes
at high temperatures, the feldspar phase would not crystallize. The elevated wt% Al2O3 in the
clinopyroxenes found in these basalts imply a higher pressure crystallization of the
clinopyroxene grains, probably in the lower crust or upper mantle (Upton et al., 1999). The
higher temperatures at emplacement are a possibility, but high concentrations of water can also
hinder the crystallization of plagioclase in mafic magmas (Blatter and Carmichael, 1998).
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The compositions of the clinopyroxene and the olivine in the Gardison Ridge dike are
very similar to those in the shoshonite (Figure 9). In addition, the lack of plagioclase feldspar and
presence of apatite in both are indications that they may be related. The bulk rock composition of
the shoshonite is more silicic and alkaline than the dikes. However, the dikes are still high in
alkalis and are compositionally similar in that they occur along the same alkaline trendline as the
less mafic shoshonite (Figure 4). This dike is older than the shoshonite lava by approxmately 1
million years. Nonetheless, the low silica, highly alkaline basalt composition of this dike rock
may indicate that they are closely linked.
In contrast, the younger (19.5 Ma) Mosida Basalt is distinct from any of the basalt dikes
discussed above. Although the amount of alkalis is similar, the Mosida Basalt contains
significantly higher Fe and lower Mg than the Gardison Ridge and other dikes found in Boulter
Peak. This is reflected by the Mg-rich mineral compositions in the Gardison Ridge dike. The
Mosida Basalt is also less potassic than the older basalts. Moreover, the trace element pattern of
the Mosida Basalt is relatively smooth and lacks a large negative Nb anomaly in contrast to all of
the dike rocks considered here.
In short, it appears that the basaltic dikes are unrelated to the Mosida Basalt, but they may
have played a role in the generation of the shoshonite described below.
Origin of the megacryst-bearing shoshonite of Broad Canyon
Evidence from Anorthoclase. Anorthoclase megacrysts in alkaline mafic rocks, as seen
in the shoshonite lavas of Broad Canyon, are not common occurrences, and their existence
provides important implications for the history of the magma. Anorthoclase is a ternary feldspar
that most commonly crystallizes from magmas that are highly alkaline felsic magmas like those
that form syenites, trachytes, and anorthoclasites. They are typically translucent to transparent
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feldspars (Laughlin et al., 1974), with distinctive tartan twinning under crossed nicols (Figure
7b).
Megacrysts are phenocrysts or xenocrysts in igneous rocks that are larger than 2 cm long,
and typically range between 2 and 10 cm. Anorthoclase megacrysts in mafic rocks typically
occur with other “exotic” minerals that may or may not be of megacryst size. Minerals that are
found with anorthoclase megacrysts include clinopyroxene (Fe-rich augite), the Fe- and Ti-rich
amphibole kaersutite, Fe-rich biotite and in some places another feldspar (plagioclase and
sanidine can occur) (Chapman and Powell, 1976; Righter and Carmichael, 1993). If the
megacrysts and associated minerals were not in equilibrium with the host mafic magma, they are
called Group B minerals; they typically have formed in more evolved magmas and then become
entrained in a mafic magma by a mingling or partial assimilation process, serving as evidence for
magma mixing (Schulze, 1987). On the other hand, Group A megacrysts are defined as
phenocrysts that crystallized at depth from the host in which they are found, and include Alaugite, Al-enstatite, olivine, kaersutite, pyropic garnet, spinel, and plagioclase (Schulze, 1987).
The mafic minerals in Group A are typically Mg-rich compared to the Group-B megacrysts.
In addition to the Group B minerals listed above, other minerals are also commonly
associated with anorthoclase megacrysts. These include pyrope, titaniferous magnetite, zircon,
corundum, and apatite (Chapman and Powell, 1976; Aspen et al., 1990). Further, mantle and
deep crustal xenoliths are typically found in the alkali basalts that host the megacrysts (Aspen et
al., 1990). The mantle xenoliths include lherzolites, wehrlites, pyroxenites, and websterites. The
lower crustal xenoliths are mafic granulites, anorthosites, and granulitic gneisses (Aspen et al.,
1990). The anorthoclase megacrysts themselves have also been found as aggregates when they
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are in significant abundance in the rock. When this is the case, these aggregates are considered
feldspathic xenoliths (Aspen et al., 1990).
Although by definition Group B minerals are xenocrysts, this was not widely accepted
until the late 1980s (Schulze, 1987). To determine that these minerals are in fact xenocrysts, a
number of different factors must be considered. For example, anorthoclase megacrysts found
near Fife, Scotland appear to have jagged or “corroded” edges (Chapman and Powell, 1976).
This shape suggests that the anorthoclase crystals did not grow in their basaltic host rocks, and
are therefore xenocrysts. In almost all other cases, the anorthoclase megacrysts are irregular or
anhedral like those found in Scotland, and also occur as aggregates, supporting the definition that
Group B anorthoclase megacrysts are xenocrysts (Righter and Carmichael, 1993).
In an early study, Laughlin et al. (1974) concluded that anorthoclase megacrysts in the
Bandera lava field, New Mexico crystallized contemporaneously with the other phenocrysts in a
mantle-derived magma. They used Sr isotope ratios to conclude that the anorthoclase and host
rock were in isotopic equilibrium. However, later studies of other megacryst suites and the
basaltic rocks in which they are found concluded that the megacrysts did not crystallize from the
mafic host, but instead were entrained as xenocrysts. Others have found that 87Sr/86Sr ratios are
actually different between the megacrysts and the host rock, and Chapman and Powell (1976)
and Aspen et al. (1990) even used numbers reported by Laughlin et al. (1974) to further support
this argument. Additionally, the unusually large size of the megacrysts in comparison to the
aphanitic matrix intuitively suggests that they could not crystallize from the same host (Righter
and Carmichael, 1993).
In summary, although the origin of anorthoclase megacrysts is still debated, one theory is
broadly accepted. Because of the unique composition and size of anorthoclase megacrysts, the
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most commonly accepted theory is that the crystals are xenocrysts that are not related to the
rocks in which they are hosted (Chapman and Powell, 1976; Righter and Carmichael, 1993;
Aspen et al., 1990; Upton et al., 1999; Upton et al., 2009). Aside from grain shape and size and
isotopic compositions, the compositions of the megacryst minerals themselves can be telling of
the xenocryst nature of the grains. In this case, it is useful to look at major element compositions
of megacrysts as an indication of the source for those megacrysts, and compare that with the
compositions of the host basalt.
Following this line of reasoning, we interpret the anorthoclase megacrysts in shoshonite
of Broad Canyon to be clasts ripped off of a syenitic pematite body by an intruding mafic
magma. They commonly occur as multiple grain aggregates with partially resorbed, broken, and
anhedral crystal edges. This irregularity of crystal edges is similar to anorthoclase megacrysts
found in alkali olivine basalts from the western US and Mexico (Righter and Carmichael, 1993),
as well as in alkali basaltic lavas from Scotland (Upton et al., 1999). The anorthoclase clasts do
not have inclusions of any of the other minerals found in the shoshonite. Moreover, anorthoclase
is not expected to crystalize from mafic magmas and is instead more commonly associated with
highly evolved trachytic magmas (Aspen et al., 1990; Righter and Carmichael, 1993). The high
alkalis and low Ca in the anorthoclase further support this, as alkali feldspar is more commonly
associated with silicic magmas and calcic plagioclase typically crystallizes in mafic magmas.
In short, the geometry and composition of the anorthoclase megacrysts do not support
primary grain growth within their host magma and instead imply they were incorporated from
coarse-grained, pegmatitic syenite crystallized from a trachytic magma.
Evidence from Olivine. The high Mg content of the olivine in the shoshonite (Fo87-Fo78)
indicates that it crystallized from a mafic magma rather than with the anorthoclase. To be
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associated with Group B minerals (those which crystallized along with anorthoclase), any mafic
silicate should have relatively high Fe because they are presumed to have crystallized from an
evolved magma (Schulze, 1987). On the other hand, the Mg content of the olivine in the Broad
Canyon shoshonite is not high enough to indicate that the magma was primitive—the mafic host
must have differentiated somewhat before the anorthoclase megacrysts were entrained and
before it erupted. Primitive magmas typically have olivine that ranges between about Fo89 and
Fo92 in composition (Best and Christiansen, 2001). The olivine in the Broad Canyon shoshonite
is similar to that in the dike and slightly less magnesian than that in a mica-bearing
melanephelinite (avg Fo89) near Bingham Canyon, Utah (Figure 9) (Maughan et al., 2002). This
indicates that the mica-bearing melanephelinite dikes at Bingham may be similar to the mafic
endmember involved in the petrogenesis of the Boulter Peak shoshonite.
Evidence from Clinopyroxene. Like olivine, clinopyroxene in the shoshonite is not
chemically associated with the megacrysts of anorthoclase, but instead must have crystallized
along with olivine from a mafic magma. Pyroxene crystallized in equilibrium with Group B
megacrysts like the anorthoclase would be Fe-rich. Instead, the Broad Canyon clinopyroxene is
diopsidic with high MgO and CaO. In this way, it is similar to the clinopyroxene found in the
somewhat older basaltic dikes and younger minette (Figure 9) and unlike augitic pyroxene found
in “normal” tholeiites or calc-alkaline magmas. Its composition is very much in line with
diopside crystallized in other mafic alkaline magmas and similar to the melanephelinite and other
alkaline rocks from Bingham Canyon and the Wasatch Plateau minettes (Maughan et al., 2002,
Tingey et al., 1991). Consequently, it appears that both the olivine and clinopyroxene
crystallized in a mafic alkaline magma.
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Evidence from Amphibole. The relict amphibole grains in the shoshonite of Boulter
Peak are magnesiohastingsite (Figure 12) with high Mg compared to Fe. They also have elevated
F and Ti concentrations (0.3 apfu) but Ti enrichment is not sufficient to make them kaersutites
(>0.5 apfu Ti) (Figure 13). The high Mg of the amphibole suggests that they crystallized, along
with olivine and diopside, in the mafic endmember and not from the same trachytic magma that
crystallized the anorthoclase where Fe-rich amphiboles are expected. The presence of amphibole
grains, especially at such large sizes, suggests that the mafic endmember was a lamprophyre
(Rock, 1991). Lamprophyres are mafic igneous rocks with abundant phenocrysts of dark mica
and/or amphibole. Minettes are mica-rich lamprophyres and camptonites are the amphibole-rich
varieties. Lamprophyres typically have diopsidic pyroxene and magnesian olivine like those
found in the shoshonite of Boulter Peak. In order for amphibole to crystallize in such mafic
magmas, the water concentration must have exceeded 3 wt% (Rutherford and Devine, 1993).
The euhedral nature of the amphibole grains suggests that they were still crystallizing when the
volatile-rich lamprophyre encountered the syenite from which we think the anorthoclase was
derived.
Amphibole grains have high concentrations of F relative to other amphiboles of similar
age in the Basin and Range province, with the Boulter Peak amphibole containing on average 2.9
wt% F compared to 0.4 wt% F in other igneous rocks in the region. This unusually high F
content implies that the magma may not have formed by typical subduction processes, which
yield high Cl/F ratios and lower F than this amphibole. We conclude that the lamprophyre parent
had high F and F/Cl ratios. Such a high F to Cl ratio may be indicative of partial melting of a
metasomatized mantle source. Since F acts as an incompatible element, it preferentially
partitions into the melt rather than remaining in the mantle, so if the source contains F, then the
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partial melt will become enriched in it (Edgar et al., 1996). Additionally, it has been noted that
there is a positive correlation between K and F, so alkalic basalts have minerals containing
abundant F compared to their calc-alkaline counterparts (Edgar et al., 1996).
Clinopyroxene grains in the largely replaced amphibole are compositionally identical to
clinopyroxene phenocrysts, implying the replacement reactions occurred while the magma was
still partially molten, allowing the pyroxene in the decomposing amphibole and that enclosed in
melt to be in equilibrium with each other and attain the same composition. The oxides that
replace the amphibole are mostly titaniferous magnetite, although low Ti-magnetite is also
present. Some grains show exsolution and veins of altered material, and all are most likely
altered by oxidation and interaction with water. Moreover, essentially all oxides in the
shoshonite gave low analytical totals (typically between 91-96%) as a result of oxidation and
hydration. Feldspar grains in the decomposed amphibole are mostly andesine, and therefore
compositionally distinctive from the megacrysts of anorthoclase. The timing of amphibole
decomposition must have been late, following entrainment of the anorthoclase megacrysts, and
may have accompanied rapid decompression or shallow degassing of the hybridized magma
while it was en route to the surface. Pyroxene-plagioclase-oxide rims commonly develop on the
rims of amphibole in igneous rocks as a result of decompression. Rutherford and Devine (2003)
have used the width of the decomposed rims of amphibole grains to estimate rates of
decompression. If the textures in these amphibole grains are also the result of decompression,
they must have decompressed from depth.
Mixing components. An important key to forming these distinctive mafic alkaline rocks
is the mixing process involved, and the endmembers necessary to produce them. We will now
discuss the probable endmembers involved in this process. Although previous studies list a
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variety of Group B minerals (Irving and Frey, 1984), the shoshonite in Broad Canyon only
contains one such megacryst mineral--anorthoclase. Upton et al. (2009) show pyroxene
associated with anorthoclase megacrysts is Fe-rich. Since the pyroxene in the Broad Canyon
shoshonite is Mg-rich (Fo90-80), it must have crystallized in the lamprophyre endmember and not
the syenite endmember. Other potential Group B minerals found in megacrystic lavas in Scotland
include Fe-rich biotite, magnetite, apatite, zircon, and in cases of highly peraluminous magmas,
corundum (Upton et al., 2009). However, these are significantly less abundant than anorthoclase
megacrysts (Upton et al., 2009). In the case of Boulter Peak, these other Group B megacrysts are
absent altogether. Magnetite grains in the shoshonite are not large (<0.5 mm) megacrysts and
their compositions are more typical of those in lamprophyres. Oxides found as part of the Group
B megacrysts are typically larger and have high concentrations of Nb, Y, Th, and U (Upton et al,
2009); none of these characteristics describe the Fe-Ti oxide in the Broad Canyon shoshonite.
Neither zircon nor corundum is present in the Boulter Peak mafic rocks, but other mafic alkaline
rocks in central Utah associated with the Bingham Canyon intrusions have these minerals,
indicating perhaps a progression as Upton found in Scotland (Pulsipher, 2000; Maughan et al.,
2002, Upton et al., 1999). However, apatite is present in the shoshonite, as well as the basaltic
dikes and the minette. Although the size is not as large as typical megacrysts, grains are larger
than typical magmatic apatite and are euhedral to subhedral. Magmatic apatite can be derived
from lamprophyre magmas, so it is unclear whether the apatite grains are more closely associated
with the megacrysts and the trachytic endmember or the alkali basalt endmember. However,
since phenocrysts of apatite lack a strong enrichment of LREE and silicia, and are similar to
apatite in the basaltic dikes, it can be surmised that the apatite crystallized in a mafic magma.
The presence of apatite, as well as olivine and clinopyroxene, with compositions similar to those
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in the shoshonite could link the dike and the shoshonite, although the lack of amphibole suggests
the dike is not a direct representation of the same mafic alkalic endmember involved in the
mixing process that formed the shoshonite. The mineralogical evidence therefore shows that the
magnesian Ti-rich amphibole, diopsidic clinopyroxene, apatite, and magnesian olivine all must
have crystallized from the same mafic, alkaline magma. The presence of amphibole in an
olivine-bearing mafic alkaline magma suggests that the magma was a camptonite--an amphibolebearing lamprophyre (Rock, 1991). Based on the compositional and textural characteristics of the
anorthoclase, we conclude that unlike the amphibole, clinopyroxene, and olivine, the megacrysts
of anorthoclase in the shoshonite were foreign xenocrysts mixed into this camptonite magma.
After extensive decompression and degassing, which caused extensive recrystallization of the
amphibole, this hybrid magma erupted as the Broad Canyon shoshonite lava.
Previous studies of anorthoclase megacrysts and this study of the megacrysts in the
shoshonite of Boulter Peak indicate a mantle-derived trachyte was one endmember involved in
the mixing process (Upton et al., 1999). Trachytic or syenitic ‘veins’ in the mantle could form
from a highly fractionated low-degree partial melt of the mantle (Panter et al., 1997). Moreover,
the varied compositions of anorthoclase, particularly in BaO content, indicate that there was
more than one type of syenitic rock involved, or zoning within a single body (Figure 13). Some
grains have high BaO (up to 2 wt%), while others have very little BaO (<0.05 wt%). Aside from
Ba concentration, there is no distinction in size, shape, twinning patterns, or composition
between these grains. The variations in BaO could occur in multiple syenite bodies with different
amounts of Ba, or more likely it could be the result of zoning within a single highly
differentiated “vein.”
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The mafic and felsic endmembers comingled before erupting, yielding the unique
shoshonite found in the East Tintic Mountains. This mingling process involved a wet, mafic
magma (probably a camptonite) ascending through the lithosphere. During ascent, it encountered
at least one partially or fully crystallized pegmatite body of syenitic composition. As the
camptonite magma reached the syenite, clusters of crystallized anorthoclase were ripped from
the syenite and incorporated into the mafic magma (Figure 14). Large crystal sizes, multi-grain
aggregates, irregular shapes, and resorption rims around anorthoclase grains support this model.
During the rapid ascent of the now hybridized shoshonite, the amphibole grains were almost
completely destroyed, as is evident by their textures and inclusions of pyroxene that have the
same compositions as clinopyroxene phenocrysts. This mingling process probably occurred in
the mantle lithosphere of the overriding continental slab, at a depth of about 75-100 km, where
there was very little assimilation of continental crust (Figure 14). Upon eruption, unique flow
textures are evidence for this theory, such as variations in phenocryst proportions and obvious
“swirls” of different megacryst abundances and matrix materials.
To account for its highly magnesian phenocrysts and hydrous character, the lamprophyre
end member most likely originated from metasomatized lithospheric mantle. As the
metasomatized lithospheric mantle partially melted, the melt became enriched in volatiles, such
as F and water, and incompatible elements such as K, creating the mafic alkaline lamprophyric
composition. This hypothetical lamprophyre was an amphibole-bearing camptonite unlike the
biotite-bearing minette also found in the area. Both appear to have originated from mantle
sources that have been hydrated, but the camptonite may have come from amphibole-bearing
mantle (Figure 14) of the sort described by Best (1970) from xenoliths in the Grand Canyon area
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Figure 14. During the middle Cenozoic (about 30 Ma), a subducting slab of oceanic lithosphere began to roll back
from the overlying lithosphere, dehydration of the slab caused partial melting of the overlying mantle and a suite of
subduction related andesite to rhyolite magmas. As the slab rolled back farther to its position beneath the incipient
Cascade arc, it may have broken, allowing hot asthenosphere to well up against metasomatized lithospheric mantle.
This may have heated the mantle sufficiently to cause it to partially melt and form mica and amphibole-bearing
lamprophyres. As these alkaline magmas ascended, some came into contact with mostly crystallized syenite bodies
and erupted as megacryst-bearing shoshonites. These factors account for the variability among the Cenozoic mafic
alkaline rocks in central Utah.
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and the minette may have been derived from phlogopite-bearing mantle as described by Tingey
et al. (1991).
Tectonic Setting
The magmatic processes discussed above provide implications about the nature of the
tectonic processes during this time. Others thoroughly examined the Eocene-Oligocene
subduction-related suite of igneous rocks as well as those related to the Miocene extension that
created the Basin and Range (e.g., Christiansen et al., 2007). However, little is known about the
transition between these two distinct tectonic settings, as there is commonly a gap of as much as
10 to 15 million years between them during which no igneous rocks formed. The late Oligocene
alkaline rocks studied here provide information regarding the link between the end of subduction
and the onset of extension. Based on the research conducted for this study, three general events
explain this transition.
Eocene to early Oligocene (35-32 Ma). The underlying slab subducted at a shallow
angle underneath the North American plate (Humphreys et al., 2010). Because of this shallow
angle, the slab extended far horizontally beneath the overriding continental lithosphere,
preventing volcanism closer to the trench due to the lack of depth at which magma typically
forms in a subduction zone (Christiansen et al., 2007). The formerly flat slab of subducting
lithosphere foundered, either by rolling back or breaking off (Liu et al., 2010). As it did so, the
slab heated up and dehydrated over a short period of time. The fluid then rose into the overlying
mantle, causing partial melting and a burst of arc-like magmatism with significant crustal
contamination and extensive differentiation. The result is the observed suite of basaltic andesites
to rhyolites found throughout Utah and Nevada.
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Oligocene (29 to 25 Ma). More mafic alkaline magmas replaced silicic, subductionrelated magmatism as the subducting slab continued to either roll back or break off. As a result,
the zone of dehydration had swept to the west and magmatism related to slab dehydrating ceased
at this location. Hot asthenosphere flowed in to take the place of the cold, formerly flat slab.
Mafic alkaline magmas were produced by the partial melting of metasomatized lithospheric
mantle. These magmas rose to the surface and erupted without as much crustal contamination
and without the generation of silicic magmas. Small degrees of partial melting were triggered by
the juxtaposition of hot asthenosphere against the anciently metasomatized mantle. The
composition of the alkaline magmas depended upon the highly variable composition of the
lithospheric mantle. Specifically, phlogopite-bearing areas yielded minette, amphibole-bearing
areas melted to make camptonite, and regions of lithospheric mantle that lacked either hydrous
phase produced alkaline basalt. All of these oxidized potassic magmas have high ratios of large
ion lithophile (LIL) to high field strength elements (HFSE) inherited from the anciently
metasomatized mantle. Because these trace element patterns persist in all mafic units, including
the basaltic dikes, it is likely that the alkaline basalt magma lost its hydrous phases by
decompression and degassing during ascent, resulting in the lack of a hydrous phase in the dikes.
Miocene (<20 Ma). With the onset of extension and lithospheric thinning, shallow
asthenosphere upwelled and partially melted as a result of decompression. Small volumes of
silica undersaturated basalt formed and erupted as the Mosida Basalt, which has low LIL/HFSE
ratios, lacks negative Nb anomalies, is water-poor, and crystallized at low fO2 (Christiansen et
al., 2007). The geochemistry of these units is distinct from the alkaline mafic rocks that are the
focus of this study, indicating different tectonic regimes. Unlike the alkaline units, these younger
basalts show a typical extension signature. This could be the result of the lithosphere being
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stretched and thinned during the Miocene, allowing asthenosphere to rise and take its place,
partially melt, and erupt.

Summary and Conclusions
The late Oligocene mafic alkaline rocks in the Boulter Peak quadrangle of the northern
East Tintic Mountains are distinctive within the region. The three mafic alkaline units
(megacryst-bearing shoshonite lava, and small dikes and intrusions of minette and alkali basalt)
focused on in this study are younger than subduction-related volcanic rocks (> 32 Ma) and older
than basalt that is more clearly related to extension (< 20Ma) in their direct vicinity.
The minette dike is similar to other middle Cenozoic minettes found at Bingham Canyon
and on the Wasatch Plateau. The older Wasatch Plateau minettes are 24 Ma (Tingey et al., 1991),
which approximately coincides with the age of the minette intrusion found near Boulter Peak.
The basalt dikes in Boulter Peak closely correspond chemically to the melanephelinites studied
by Maughan et al. (2002) in Bingham Canyon but are roughly 10 million years younger.
Anorthoclase megacrysts in the shoshonite are indicative of a mixing event, wherein a
wet alkaline basalt or lamprophyre, from which olivine, diopside, magnesiohastingsite, apatite,
and Fe-Ti oxides had crystallized, encounted a compositionally zoned body of anorthoclasebearing pegmatitic syenite. The syenite was likely partially to fully crystalline, so as pieces were
ripped off as the lamprophyre ascended, irregular composites of multiple anorthoclase grains
were incorporated into the magma and reacted with it. This caused the overall magma
composition to be more intermediate than the mafic endmember. The lamprophyre endmember
itself was likely produced by small degress of partial melting of metasomatized lithospheric
mantle. The syenite bodies were likely the result of strong differentiation of mantle-derived melt.
The location of mixing is more problematic but may have been in the mantle as well.
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We conclude that mafic alkaline rocks such as these represent the end of middle
Cenozoic subduction-related magmatism in central Utah and Nevada, and were produced by
partial melting of anciently metasomatized lithospheric mantle. Partial melting may have been
the result of inflow of hot asthenosphere that rose to take the place of a foundering slab of
subducting oceanic lithosphere. The ages, elemental compositions, mineral assemblages, and
inferred volatile contents support this conclusion.
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Sream deposits (Upper Holocene) - Moderately sorted
pebble to boulder-sized gravel in fine-grained sand
matrix with some clay; deposited by perennial streams;
generally less than 6 m thick.
Colluvial deposits (Upper Holocene) - Poorly sorted,
poorly stratified assortment of cobbles, pebbles, and sand
deposited by slope wash and creep processes on moderate slopes, accumulating in shallow depressions; commonly occurs as a thin layer over bedrock surfaces, but
occurs extensively in canyon valleys up to 15 m thick.

McKean, A.P., 2009, written communication.
Morris, H.T. and Lovering, T.S., 1961, Stratigraphy of the East Tintic
mountains of Utah: Geological Survey Professional Paper 361, 145 p.

Level-3 alluvial fan deposits (Upper Pleistocene) - Poorly
sorted, non-stratified, sub-rounded sediments deposited
by streams carrying sediment from Topliff Hill; fans are
mostly eroded away or covered by younger alluvial fan
deposits; thickness unknown, likely less than 5 m thick.
Lacustrine Bonneville deposits (Upper Pleistocene) Stratified silt and clay deposits with some sand and
pebbles on the surface; probably less than 6 m thick.

MAP
SYMBOL

THICKNESS
Meters (Feet)

Shoshonite of
Broad Canyon

Tbc

40 (130)

Upper
Oligocene

Dikes of Boulter
Peak

Upper
Oligocene

Upper Minette of Black Rock
Canyon
Oligocene

5 (16)

Tbr

2 (6)

NOT IN CONTACT
ACKNOWLEDGEMENTS
A. E. Disbrow constructed a geologic map of the Boulter Peak quad9
rangle published by the U.S. Geological Survey in 1961. His map of
Paleozoic units was used as a guide in the construction of this map. Utah
Geological Survey staff Donald Clark and Stephan Kirby have been
simultaneously working on this region, focusing on the Quaternary units,
and have contributed to the mapping. Adam McKean, a graduate student
at Brigham Young University (BYU) aided in mapping and interpretation
of the region. BYU students Tyler Allen and Douglas Johnson also
helped in the field. The mapping project was funded by the U.S. Geological Survey’s EDMAP program: agreement number G09AC00121.

Lower
Oligocene

Tuff of Twelve-Mile
Pass

Tt

15 (50)

Upper
Eocene

Chimney Rock
Pass Tuff

Tcr

10 (32)

Tr

35 (115)

Th

10 (32)

Tj

5 (16)

Upper
Eocene

Tuff of Rattlesnake
Pass

Middle Tuff of Hot Stuff Mine
Eocene?
Eocene? Jasperoid alteration

MAJOR UNCONFORMITY

TERTIARY

Tbp

Tbp
NOT IN CONTACT

Unconformity

Undifferentiatied
sedimentary units

OLIGOCENE
Shoshonite of Broad Canyon (Upper Oligocene - 25.36
+/- 0.03 Ma) - Light grey to black vesicular porphyriticaphanitic lava flow; 10% megacrysts of anorthoclase
with 5-15% phenocrysts of augite, highly altered amphibole (replaced with Fe-Ti oxide), and olivine; 10-40 m
thick.
Not in contact
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Level-1 alluvial fan deposits (Upper Holocene) - Poorly
to moderately sorted, weakly stratified, sub-rounded to
well-rounded pebble and cobble gravel sourced from
intermittent stream flows with boulders found in upper
parts of the fan; probably less than 6 m thick.
Level-2 alluvial fan deposits (Upper Holocene) - Poorly
to moderately sorted, moderately stratified to nonstratified round to well-rounded clay to boulder-sized
sediment deposited from former ephemeral streams;
larger gravel and boulders are found in the upper parts of
the fan, while fine sand and clay-sized particles are widespread, particularly on the western portion of the area;
probably less than 10 m thick.
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Disbrow, A.E., 1961, Geology of the Boulter Peak quadrangle, Utah:
U.S. Geological Survey, GQ-141, scale 1:24,000.
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Alluvial, Colluvial, and Lacustrine deposits

Christiansen, E.H., Baxter, N., Ward, T.P., Zobell, E., Chandler, M.R.,
Dorais, M.J., Kowallis, B.J., and Clark, D.L., 2007, Cenozoic Soldiers
Pass volcanic field, central Utah-implications for the transition to
extension-related magmatism in the Basin and Range Province: Utah
Geological Association Publication, v. 36, p. 123-143.
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Dikes of Boulter Peak (Upper Oligocene - 26.3 +/- 0.13
Ma) - Aphanitic, dense intrusion in direct contact with
the limestone country rock; 10-20% phenocrysts of
pyroxene, altered olivine, apatite, and Fe-Ti oxides in a
fine-grained groundmass; 0-5 m thick.
Not in contact
Minette of Black Rock Canyon (Lower Oligocene - 28.45
+/- 0.13 Ma) - Loosely consolidated rock or dirt patches
with minette-like characteristics; 30-40% phenocrysts of
brassy hexagonal biotite. In thin section, also opaques
(Fe-Ti oxide), apatite, clustered clinopyroxene, and
secondary carbonate; 0-2 m thick.
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Tuff of Rattlesnake Pass (Upper Eocene) - Light sandycolored, poorly welded tuff with some smaller outcrops
across the wash being slightly more cemented and darker
in color (lilac purple); 35% phenocrysts consisting of
large, abundant bi-pyramidal quartz grains, plagioclase,
sanidine, biotite, and hornblende; some pumic and
lithics; 20-35 m thick.
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Tuff of Hot Stuff Mine (Upper Eocene?) - Tan equigranular tuff; phenocrysts of quartz, feldspar, and biotite;
localized areas of high sulfur content where rock has
been stained yellow and smells sulfuric, particularly in
areas in contact with limestone/dolomite; areas of hydrothermal (hot springs?) alteration with red opal alteration
product on the scale of meters broad and 10-40 cm thick,
outcropped as contact directly below the tuff of Rattlesnake Pass; friable; 0-10 m thick.

Unconformity

Unconformity

Th

Eocene?

Unconformity

Tj
Major unconformity

Pzu

Unconformity

4434000.000000

402000.000000

4434000.000000

Jasperoid (Eocene?) - Orange, white, purple, grey, yellow,
and red silicic alteration of country rock, typically dolomite and limestone; alteration appears to have occurred
in conjunction with volcanic activity; jasperoid is found
almost exclusively in close proximity to magmatic rocks;
0-15 m thick.
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Chimney Rock Pass Tuff (Upper Eocene) - Poorly to
moderately welded tuff; 30% phenocrysts of plagioclase,
sanidine, quartz, biotite, and hornblende in an
ashy/glassy matrix; significantly abundant clasts of
pumice and lithic fragments (including limestones); 5-10
m thick.
Unconformity
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Tuff of Twelve-Mile Pass (Lower Oligocene) - Red,
purple, brown, or grey-black vesicular, aphanitic lava
flow; 15-20% phenocrysts of biotite, hornblende, and
bright green clinopyroxene; outcrops very poorly, but
apparent in float; 2-15 m thick.
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Appendix 2. Major and trace element compositions of mafic igneous rocks, and electron
microprobe analyses of minerals.
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Appendix 3. Geochronology of igneous rocks from the Boulter Peak area of the East Tintic
Mountains.
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Age-Probability Spectrum for the minette of Black Rock Canyon (BoultPk209)
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(a) Age-probability spectrum for the minette of Black Rock Canyon was found on mica mineral separates.
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Age-Probability Spectra for the tuff of Rattlesnake Pass (BoultPk 309)
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(b) Age-probability spectra for the tuff of Rattlesnake Pass were determined using sanidine mineral
separates.
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40Ar/39Ar

Step-Heating Spectrum for the Gardison Ridge dike (BoultPk 409)
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(c) Step-heating spectrum for the Gardison Ridge dike was determined using bulk rock samples.
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Age-Probability Spectra for the shoshonite of Broad Canyon (BoultPk 1509)
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(d) Age probability spectra for the shoshonite of Broad Canyon was found using anorthoclase mineral
separates.
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